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SECTION I
INTRODUCTIOM

The advent of high maneuverability aircraft, which use coupled and
closely coupled carards, has stimulated research directed to ascertaining the
effect of canards on the overall aerodynamic characteristics of the aircraft
and to determining whether a favorable interference between the canard and the
wing leading edge vortices can be found to enhance the value of the 1ift/drag
ratio (Reference 1-4).

The flow at the leading edges of sweptback wings at an ancle of attack
separates and produces vortex sheets which roll up into vortices on the wing's
upper surface. The presence of canards closely coupled with the wings
produces an interference between the leading edge vortices (Figure 1). The
interference changes the turbulence characteristics ard the trajectaries of
the vortices, which in turn can change the wing's aerodynamic characteristics.
The present research was directed at acquiring experimental data on the
leading edge vortices and their interaction.

In order to be certain of the reliability of the coliected data, two
different data acquisition systems were used. An intrusive hot wire
anemometer system was compared to & non intrusive laser doppler velocimeter
system. In addition, tests were performed with different size models in
different wind tunnels at different Mach numbers tc ascertain whether dif-
ferences in these parameters would alter the vortex interaction process.

Detailed turbulence intensities and Reynolds stress measurements were
performed in the rolled-up vortices by means of hot film anemometers and laser
doppler velocimeters for various canard-wing configurations tested in differ-
ent wind tunnels. These measurements gave an extensive picture of boundary
layer separation and vortex formation on the canard-wing upper surface.
Spanwise wirg blowing was used in some tests to ascertain whether changing the
vortex trajectory would enhance the wing 1ift. Laser 1ight sheets, photogra-
phy, 0i1 flow, and tufts were used for flow visualization.




The Reynolds stress data obtained in the present experiment can be used
to improve eddy viscosity models used in the solution of the unsteady Navier-
Stokes equations, applied to the present aerodynamic configuration, and to
compare with theoretical results.




SECTION II
EQUIPMENT AND TEST DESCRIPTION
The tests were performed in the 12 fout vertical wind tunnel (VWT) and in
the Trisonic Gasdynamics Facility (TGF) 2 foot wind tunnel of the Flight
Dvnamics Laboratory. Similar tests were previously performed in the 5 foot

wind tunnel of the Air Force Institute of Technoloay (Reference 1).

a. Vertical Wind Tunnel

The vertical wind turnnel is an open return tunnel. Its test section is
12 feet wide and 15 feet hiah with a contraction ratio of 9.9 to 1. The
maximum velocity attained in the tunnel is 102 mph, the maximum Mach number is
0.14 and the Reynolds number per foct equals 0.95x106. It runs at atmospheric
conditions. A sketch of the tunnel is shown in Fiqure 2. Electronic data
recording equipment is available and consists of an analog to digital convert-
er and a Hewlett-Packard HP85 diaital data acquisition system with 20 signal

conditionina amplifiers.

The tests were performed at a freestream velocity of 100 mph (Mach number
approximately equal to 0.14) anda at a Reynolds number per foot of 8.80 x 105.
Three angles of attack were used, o = 10°, 16°, 20° (nominal values). The
sting mounted model is shown in Fiqures 3-4. It was mounted off center of the
test section in order to allow the LDV svstem to be within range for good beam
focusing, since its focal lenath did not reach the tunnel centerline, and alsou
to place the model where pre-test surveys showed the free stream turbulence

levels to be at a minimum.

The canards could be coplanar with the winas or could be raised vertical-
ly and inserted in slots in an off-set position with respect to the winas
(Fiqure 5). No canard deflections were used. The 60° sweptback wina was
untwisted and had uncambered circular arc airfoil sections. Its aspect ratio
was 2.5, The maximum thickness distribution varied linearly from 6 percent of
the chord at the root to 4 percent at the tip. The maximum semiidthickness at -
the root was equal to 0.3 in. The anale between the trailina edge and the




perpencicular to the fuseladge centerline was 6?=34.77°. The 51.7¢ sweptback
canard wac also untwisted and had an uncambered circular-arc airfoil section
with the same thickness distribution as the wina, The canard ares was 28
percent of the wina area, and its aspect ratic was 4.12. The angle between
the trailing edae and the perpendicular to the fuselaae centerline was
Pl=13.8°. A six component strain aauge balance was incorporated in the models
capable of measurinag normal, axial, and side forces up to 50, 15, and 25 1bs.
respectively. The balance was properlv calibrated ard performed setisfactori-
lv. The configuration tested comprised two canard positions, coplanar !mid)
and off set (high) bv 1.69 in.

b. Triscnic Gasdynamics Facilitv

The TGF wind tunnel 1s a close-circuit, variable densityv, continuous flow
wind tunnel, which can operate at subsoric, transcnic, and supersonic speeds
(Fiqure 6A). The twn foot subsonic test section can provide Mach numbers from
.23 to 0.85. The maximur Peynolds numbher per foot that can be obtained is
7.5 million. For more details, consult Reference 5. The Mach numbers usecd
were M=0.3 ancd M=0.5 arcd the Revnolas numbers per foot were 1.8x106 anc
z.2XlOE, respectivelv. Three analec of attack were also used, namely = 10°,
16, 197 (nominal values). The model used was stina mounted and it was a 55%
replica of the VLT model. The halance malfunctioned when spanwise blowina was
used at high dvnamic pressures ancd could not be calibrated properlv.
Therefore, the force data with blowina were disregarded since lift chanaes due
te blowing could not be ascertained. The confiqurations tested were with the

mid canard and withnut canard.

c. Data Acquisition

The data acquisition system “n bath tunnels consisted of ar argon ion
laser doppler velocimeter. Two orthoaonal velocitv componerts (axial and
vertical) were measured simultaneouslv. Each component was braaa shifted to
eliminate directional ambiquity, and facilitate band pass filterina. An
off-axis backscatter configuration was used. A traverse mechanism was em-
ployed with an overall precision accuracy of approximately *+ 0.25% of the
distance traveled. The digital data were channeled to a microcomputer for




on-line analysis and then transferred to a minicomputer for final processing
and analysis. The power output for the VWT syster was 4 watts for full wave
output, while in the TGF was 15 watts. The seeding in the VWNT was accom-
plished by atomizing water using pressurized air from 80 to 200 psi, while in
the TGF, silicon o0il was used and atomized with 300 psi pressurized air. The
TGF LDV system is shown in Figqure 6A and a schematic of the laser confiqura-
tion is shown in Fiqure 6B.

The mean velocities were obtained by calculating the fringe spacing
ocbtained by crossing the interfering blue and green laser beams at the point
under investigation in the flow field,

A
d = 5516 (1)

where i is the beam wavelenath and ¢ is the semi-angle of the interfering
beams. Then the value of the frinage spacing is multiplied by the doppler
frequency of the particles traversing the frinae spacinag,

u=df (2

The turbulence intensities were obtained directly from the autocorrelation
function while the Reynolds stresses were derived from the crosscorrelation

function,
v L2
u=4" =f® (3)
uw = f@R®Y) (4)

Similar equations were used for the vertical mean velocity and turbulence
intensity.




Flow visualization was obtained by usina tufts, oil flow, and lacer liaht
sheets generated by removina the front transmission Jence c¢f the laser and
replacing it with a cvlindrical lense. For more details abcut the laser

velocimeter apparatus, refer to Peference 6.

L cross-shaped hot film anemnmeter was used in the TGF in coniunction
with the LDV and mounted on an off-set probe support, (Fiaure 7A) The film
Tenath was 0.05 in, its sensina lenath 0.02 in, its diameter 0.001 in, anc its
dvnamic response areater than 80 KH7, (Fiaure 7BY. It was mounted on &
traverse mechanism shown in Figure 8, which allowed motion in 11 three axes.
All the data presented were obtained with the probe aliared with the free-
stream direction and at different pasitinns in the 7 directiar, which is
perpendiculer to the wind tunnel axis. The hot film output was monitored with
a RMS meter and recorded on tape.puto correlations and power spectral cen-
sities were gbtained using a Fourier enalvzer, Mear velocities, turhbulence
intensitiec, and Revnolds stresses were calculated usina the D.C, and /.C,

voitage outputs. For example:

_ 0.707
o s = [E1+ Ez} 5)
_ 0.707
w = ra [El - Ez} (6)
' 0.707
u = . RMS [el + eZJ )
' 0.707
= ——p—— RMS e - ez] )
0.5 |m —=
uw = fef - &2 ©)
p

The procedure used is similar to those cutlined ir References 7 & 8. In
both tunnels, spanwise mass hlowina was used in scme tests to alter the vortex
trajectorv of the wina leading edge vortex feor 1ift enhancement. Hiah pres-
sure air of up to 150 psi was inijected at 50% of the wina reot chord, which
resulted in a mass flux of 1/4 pound/sec and a correspordina hlowirg cneffi-
0.05.

"
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Fiqure 4 shows the external injection lines on the VWT model, and the
injection ports located just aft the wing's root maximum thickness, at 26.18
in from the model tip., Fiaure 8 shows the internal injection lines beside the
sting and the injection port below the wina in the TGF confiquration located
at 14.41 in from the model tip. Data were recorded at 18 locations, A throuah
R, for 18 different conditions (Fiqure 9), namely three anales of attack, two
canard positions, two Mach numbers, with and without mass blowina, usinag the
LDV system in the VWT and the LDV and the hot wire probe in the TGF. At each
canard, wina, or flow field location, 10 measurements were taken in the
vertical direction. 1In Fiaure 9, the first dimensions refer to the model used
in the VWT, while the dimensions in parenthesis refer to the 55% replica used
in the TGF tunnel.

For the different angles of attack used, corrections to the anale of
attack were made to compensate for the sting and model deflections due to the
dynamic loads. The probe position would vary within = 0.04 in accuracy for
different tests due to some slack in the traverse mechanism. In order to
evaluate probe interference effects, some LDV measurements were obtained with
the probe in the flow filed. A 1% difference was recorded between the data
collected with the probe in the flow field and without the probe. Some
uncertainty was introduced in the medel deflection when spaenwise injection was
used because of the balance sensitivity to the thrust introduced by the
blowing. Free stream turbulence intensity in the vertical tunnel was approxi-
mately 1%, while in the TGF was 0.5% of the freestream velocity, and it was
measured with both the hot wire and the LDV.

The zero probe position was coincident with a cartesian coordinate system
centered on the wing tip trailinag edae. The vertical distance of the probe
from the surface of the canard or wing was calculated as follows:

7 -z (10)

zcls/wls ~ % os

where Zp is the probe vertical reading and

Z = x tanx + T/2cosa (11)
os




is the location of the canard or wina surface at any given measurina station.

The vertical distance of the probe from the canard or wing trailina edage

was

Z Z -1

cte/wte ~ “p of f

where

Zoff = y tan p1’2 sina

(12)

(13)

is the location of the canard or wing trailing edae in the flow field. In all

the plots presented, the UW/V symbol on the ordinate stands for u'w' x 102,

v

Two or more numbers shown under the test point number (TPN) in the fiaures

siagnify that the data were repeated one or more times.

No attempt was made to

investiaate Reynolds number effects since the Reynolds numbers in the two

tunnels were very close tc each other.




SECTION III

VORTEX FLOW FIELD

The vortical flow field over a close-coupled canard-wing conficuration at
angle of attack is examined. At angles of attack, the flow over a sweptback
wing separates forminc a free vortex sheet which rolls up over the winc's
upper surface. This leadinag edae vortex produces an additional Tift which is
norlinearly dependent on the anale of attack and might interact with the
trailinag edae vortex sheet which results from the circulation on the wing and
is gererated by the vorticity from the wing's potential 1ift. The same vortex
svstem occurs on the canard and may interact with the winag vortex flow. Also
present in the flow field are secondary vortices, spanwise trailinc edage
vortices ceused by the trailina edae sweep, and winag tip vortices, aenerating
at times verv complex interactions. Spanwise air blowing is used to alter the
leadinc edae vortex trajectory in an effort to keep it locked to the wing's
leadinag edage for 1ift enhancement.

An effort is mece to analyze the vortical flow field over the confiaura-
tion and to interpret the behavior of the turbulence intensities, the stress-
es, and the vortices &t different stations.

The local effect of these parameters is considered in relation to the
overall L/D ratio behavior.




SECTION IV
RESULTS

It must be stated that data taken with the hot wire and LDV systems aaree
only in the aeneral trends and distribution. At times only, there is aaree-
ment in the maanitudes tco. In ageneral, there is a lot of scatter in the
Reynolds stress measurements. Biager symbols in the fiqures sianify that the
values are off scale.

Fiqures 10-13 show the results obtained in the TGF at varjous points
(stations) over the canard and the wing with measurements repeated at least
twice. The repeated runs were performed after an interval of several days,
changina the model configuration and then aoina back to the original one. The
data in Figures 10-11, obtained with the hot wire, are repeatable except for a
small variation in the mean vertical velocities. In general, the data are
repeatable within a small deqree of difference, which is acceptable due to the
unstable vortical flow characteristics. In Fiaures 12-13, data obtained with
the LDV are shown. They repeat themselves with a areater dearee of accuracy
than observed with the hot wire, which indicates a better reliability orn non
intrusive diaagnostic techniques. It is evident that the hot wire probe
produces a greater disturbance in the flow field than the micron size seedina
used for the LDV measurements. For some confiaurations (see Appendix A), the
hot wire data repeatebility is not as accurate.

a. Comparison of H.W, and LDV Data With mid (coplanar) Canard, o = 10°

The Mach number is 0.14 for the VWT and 0.3 for the TGF data. Spanwise
air blowing was used in the TGF and the deta were collected with the hot wire
and the LDV systems in the TGF, and with the LDV ir the VWT. Fiaures 14-16
show the results obtained for various flow field cuantities at the point Q
(Fiqure 9) in the wake of the wing. There is in cereral a qood aareement
between the hot wire and the LDV data of the TGF turnel and the LDV data of
the VWT. It is evident that a vortex is present ir the flow field because of
the chanae of sian in the vertical mean velocity w/V and the maximum values
reached by the turbulence intensity w'/V at the point where the maanitude of
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the verticel mwean velocity is clase to zero, which both occur when a vortex 1s
traversed. The spanwise blowina produces a very <mall chande; i.e., it icves
the vortex closer to the <urface {compare the velues of w/V with and witheut
blowina). The discrepancy between H.W, and LNV data is more pronourced with
blowina. In the YWT, the values of the vertical turbulence intersitv and of
the axial Revnolds stresses are somewhat off the TGF values, ever censidering
the unsteadv characteristics of the flow field, up to Z/Zm = N, 4, ther, thev

aaree quite well up to the end of the vertical excursicn,

Fiagures 17-19 refer to quantities measured at pnint M, which is lccated
near the wina tip (Ficure 9). The comparisor of velocities and stresses
hetween hot wire ard LDV data 15 cood, but the LDV date for the vertical mean
velocity and turbulence intensitv are somewhat higher, awav from the winc.
Elowina dees not substentiallv chanage the flow field. (rlv the Revnoids
stresses chance sian near the wina surface hecause of it, The VWT LDV data
show the <ame distribution of vertical mean velocitv and turbulerce intensity
except that the peak values for the velocitv between Zw?s/zm = 7 and 4 are
consicderably lower. In all the figures, there is a decrease of axial velocity
near the wing surface which indicates the incipient formation ¢f the wing tip

vortex.

Ficures 20-22 show the data measured dt point H, which is loceted near
the wina leadina edge at about half span (Ficure 8), Aaain, the date aqree
qualitatively, and the =ffect of blowina seems to be confined to increasinc
the values of the vertical mear velocitv and *urbulence intensitv. The plotc
show the lncatiaor of the leadinag edae vortex to be at gbout Zw]s/zw =4, In
the VWT, the leadina edae vortex is closer to the wina surfdce a* Zwls/7m o2
(Figure 721). The Revnolds stresses at times have discrepancies in their
distribution and some isoiated hiah values which do not repeat. This behavior
chows the difficulties inherent in the acquisition of the Revrolds strecses in

unsteady turbulent flows.

Fiqures 23-25 depict the flow field behind the canard trailina edge at
the point E (Fiaure 9). The cdata from the TGF aaree quite well. Analvzina
the axial and vertical mean velocities, the wake and associated vortex flow

can be detected at the/zm *~ 0.2. At that point, the distributiaons have an
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inflection and the turbulence intensities reach a maximum, Unforturately, the
data from the VT do not show this hekavior and actually they do not agree
with the TGF data., It is possible that the sceding for the LDV ir the VNT was

done incorrectiy,

In Fiqures 26-28, the data from the tip of the canard at point I} are
nplotted (Fiqure 9). There is agreement in the overall results., The hlowina
increases the intersities of the stresses and the mean and fluctuating
velocites, except for the hot wire measurements of the w/V which shows a lower
velocity with blowing. This occurrence might be due to probe interference.
flso, the value of w/V in the VUT is much lower than the one in the TGF. The
canard tip vortex is picked up at Zc]s/zm = 0.1 (check w/V distribution),
which is very clese to the surface. In fact, the vortex just starts to roll
up at that height,

The flow over the point P, located at mid span on the canard (Fioure 9),
is analvzed in Fiqures 29-31. The distribution of the vertical rmean velocity
shows *hat the canard ieading edge vortex core is located at Zc]s/zm = (.1 ane
it just passes cver point B, but a discrepancy on the vortex rotatior is
noticed by comparirg the VUT and the TGF results. Again, this is ettributed

to probe interference.

The same degree of agreement is found for the H.W. and LDV measurements

at hidher angles of attack (see Appendix P},

b. Comparison of data with high (off-set) canard and with mid canard,
UNT, @ = 10°

Data with the canard placed 1.69 in above the wing plane were obtained in
the VWT., It is useful to compare these data with the mid canard data in order
to establish the extent of influence of the canards positior on the winc's
flow field.

At the wing's leading edge, point F, it is clear that the mid canard

presence influences appreciably the flow field, while the high canard causes
much less interference (Fiqures 32-33). The vertical mean velocity, the
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turbulence intensity, and the Reynolds stresses have mweh higher values for
the mid canard position. The excessive turbulence reaching the wing is
detrimental to the 1ift. The balance data confirm that the interference
caused by the mid canard is unfavorable compared with the conditiers with the
high canard configuration at a = 10°. The 1ift coefficient for the high
canard is CL = 0,59, while for the mid canard CL = 0.525. The L/D ratio with
the high canard is 12% higher than with the mid canard.

Plots for other locations are shown in Appendix C.

c. Comparison of data with high (off-set) canard and with mid canard,
YHT, a = 16°

At the point R, the wing tip vortex for the high canard is centered at
wae/zm z 3.2 while the mid canard produces a shift of the vortex in the
wte/zm = 6.
The high canard produces also an inversion in the vertical mean velocity

vertical direction, since its center is approximately located at Z

direction close to the wing plane ard a higher vertical turbulence intensity
(Figure 34). The other quantities are comparable (Figure 35).

On the wing tip, point M, the vertical mean velocity is higher for the
high carard (Figure 36). In addition, with the high canard, the vortex core
is smaller than with the mid canard, indicating that a slower vortex arowth,
and therefore a less dissipating action is taking place, while the morentum is
conserved. The velocity, turbulence, and stresses in the axial direction and
axial plane are much higher in presence of the mid canard which indicates a
stronger interference (Figure 37). The same conditions are found at point H
on the wing, where a bigger vortex and higher turbulence with the mid canard
indicate a stronger interaction (Figures 38-39).

The balance data indicate that an overall favorable interference is
obtained with the high canard sirce the L/D ratio is about 12% higher than

with the mid canard.

d. Comparison of data with high (off-set) canard and with mid canard,

VWT, o =20°
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As was the case for o = 16°, at o = 20° the mid canard shifts the wina
tip vortex up in the vertical direction at point Q (Figure 40). The plot of
the vertical mean velocity for the high canard shows two distinct vortices,
the wing tip vortex, the center of which is located at Zwte/zm = 0 and the
canard tip vortex located at Zwte/zm = 9. The turbulence intensity increases
considerably at the second vortex location as do the Reynolds stresses for the
high canard (Fioure 41). At the wina tip, point M, the high canard causes
higher turbulence and stresses, but the mid canard produces a higher vortex

vertical velocity (Fiqures 42-43), which is beneficial tc the 1ift.

At the wina's leading edage, point H, the mid canard causes a 1ift of the
leadina edae vortex from Zw]s/zm =1.75 to Zw]s/zm =4, In additicn, the
vortex is completely rolled up (Fiaqures 44-45)., The turbulence intensities
and the stresses are comparable. Results at other locations are shown in
Appendix C.

The balance data show that at « = 20°, the high canard location produces
an overall favorable interference, since the L/D ratio is 7% higher.

e. Comparison of data with mid canard and without canard, TGF, o = 10°

The comparison of Fiqures 46 and 47 shows that, without canard, the
turbulence and wake effects recorded with the hot wire at point Q are hiagher
while the negative vertical mean velocity is smalier than with the presence of
the canard. This effect is considered to be a favorable interference of the
mid canard with the wina, due to the development of a less dissipative flow
with a areater downwash behind the wina, which aenerates a biager 1ift. This
effect was already noticed in Reference 1. The balance data confirm this
conclusion showing a 1ift increase of about 7% by usina the coplanar canard.
However, the L/D ratio with the coplanar canard increases by only about 2%.
Measurements taken with the H.W. with blowina without canard show & change in
the stress behavior and an increase in the wake lonaitudinal velocity, but
blowina leaves the other parameters almost unchanaed (Fiaures 47-48),

f. Comparison of Data with mid canard and without canard TGF, o = 16°€
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In the wake of the winag's tip, point R, the wake axial and vertical mean
velocity are much higher with the canard, while the turbulerce intensity is
lower, which indicates a favorable canard interference !Fiaures 49-5G). At
point 0, in the wake of the wina leadina edae vortex, which is loceted at
Zwte/zm = €, the blowinag increases the turbulence and stresses, especially
when the measurements are made with the LDV (Fiaures 51-52). On the wina *ip,
point M, the same favorable carard interference experienced at point R is
recorded. The blowina increases the axial mean velocitv and the stresses over

the wing tip {Fiocures 53-54).

On the wing leadina edge, pnint H, the wake of the canard and its vortex
produce a hiaher axial mean velocity and lower axiai turbulence intensity than
the confiquration without canard, but a lower vertical mean velocity ard a
higher vertical turbulence intensitv. Furthermore, the flow from the canard
helps the winc's leadinag edge vortex rnll up ard position its center at Zwls/Z
= 4,0, which is the point of siar change of the vertical mean velocitv and or
maximum turbulence intensitv. Without canard, the vortex flow is still meving
vertically, it i< retarded in the lonaitudinal direction, and it is nct rolled
up (Fiaures 55-56). Aagain, the mid canard leadina edage vortex seems tc
interact favcrablv with the wina vertex., The balance data at ¢ = 16° show
that the canard increases substantially the 1ift coefficiert akout 15%, but

the L/D ratio increases only sliaghtlv, just about 4%,

Results at other lccations and anales of attack are sinilar to theeoe

presented and are shown in Appendix D,

g. Mach number effects on the wing's outbcard span with mid canard, TGF,

a = 16°

In Figures 57-59, hot wire results at points R, M, ano £ for M = C.3 and
0.5 show comparable values for the flow parameters measured. Onlv the verti-
cal mean velocitvy for M = 0.3 in Figure 57 could be hiaher or lower according
te two different runs.

At midspan in the wake of the wina, peint T, an increase in Mach numher
has the effect to reduce the mean velocities, the axial turbulence intensitv,
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and the Revnolds stresses near the wake's center (Fiuure 60). The <one
effects are seen at the winag's trailina edae, point J fFicure A1) and on the
winag itself, at points K and L (Figures 62-63). The leadina edae vortex
location can clearlyv be seen to be at pcint K (Fiaure 62). Its center is
located at Zwls/zm ¢ 4 where the axial reen velocity is minimal and the
intensity and stresses are maximum and where the vertical meen velocity

chances sian and corresponds tc a maximum turbulence intensitv,

h. Force and Moment Measurements

Balance measurements obtained in both wind tunnels <show a aood adreement
for the velues of the 1ift, draa, erd pitchina moment coefficients (Ficures
£4-65).

Figure 64 refers to aata obtained in the vertical wind tunnel. Tt is
evident that the bigh canard produces a favorable interference ard & hetter
lift/draa ratio than the mid canard, up tc about 109 hicher.

Fiaure 65 refers tc data nbtained in the TGF, with the coplanar cenard
and without canard. The use of the canard aives a hiagher 1ift/draa ratio, but

the irprovement is fairlv smell {about 4%},

It is believed that the reasor fer the hidh carards favorable results dig
partly due to its vortex and woke flow missing the wira and, therefore,

causinag less adverse interference.

For the ranae tested, as expected, the Mach number has ir aeperal ¢ cmall
influence on the lift/draa ratins, which are bhasicallv furctions of Revnolds
rumber {Fidgure 66). The Pevnolds number difference bhetweer the turncls is

small ennuah not to affect the coe‘ficients' values.

Normal force measurements taken with and without blowina with the VWT
balance showed a very sliaht increace in normal force with blowina, but this
increase is inconclusive since it lies within the experimental error ranae,
which lies in the 2% to 3% ranae. As stated before, the TGF halance data with
blowing were unreliable and could not be presented,
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SECTION V
FLOW VISUALIZATION

Flow visualization was obtained in both the VWT and the TGF tunnels. In
the VWT, tufts, oil flow, and laser liocht sheets were used, while in the TGF
tunnel, only liaght sheets were used, Fiaures 67-72 show the flow field in the
VHT for both the mid and high canard at angles of attack of 10°, 16°, and 20°
usina tufts. The size of the leadina edae vortices increases with increasina
angle of attack. The mid canard shields the wina's leadina edqge and, conse-
quently, the wina's leading edae vortex starts forming a short distance
outboard and ends well ahead of the wing tip, while, for the high canard, the
wina's leading edae vortex extends from the wing's root almost to the wing's
tip. This can clearly be seen in the oil flow photoaraphs (Fiqures 73-78).
This better vortex formation is beneficial to the overall Tift,

At all anales of attack, the leadina edage vortex for the mid canard sheds
at 3/4 span on the canard and at mid chord near the wing tip on the winag
(notice the vortex separation line)., When the hiah canard is used, the
canards leading edae vortex sheds at a span location closer to the canard tip
wher the wina's leading edue vortex remains close tc the wing's surface up to
the tip's trailinag edge. The earlier vortex shedding for the mid canard
produces an unfavorable interference and a lower L/D ratio. At
a = 16°, and 20°, twc secondary separation lines are visible on the wing.
Fiqure 79 shows the vortex system obtained with the laser 1ight sheets in the
VWT. The model configuration refers to the mid canard at a = 16°. On the
model's left side is clearly seen the interaction between the canard and wina
vortices.

Figure 80 shows the application of Taser light sheets in the TGF tunnel.
The air injection port at the wina's root mid span is visible. Fiqures 81-85
show the vortex interaction at different arales of attack at M= 0.3 and 0.5.
In Fiqures 81-82, the tip (or secondary) vortex, the wing's and the canards
leadina edae vortices are clearly seen closely interactinc with each other at
a = 18° and M = 0.30. The vortex system is slightly biaaer at M = 0.5,
Figures 83-84 show the vortex system at a = 16° and at M = 0.3 and 0.5

17



respectively. Aaain, the higher Mach number produces biager vortices.
Comparina Fiqures 81-83 and 82-84, it is easy to see, as expected, that the
vortex system is bicqer at higher anales of attack; therefore, the effect of
increasing the Mach numbers is similar to increasing slightly the anale of
attack.

In Fiqure 85, the wina vortex for o = 10° can be seen on the opposite

side of the model; i.e., on the right wina.
Complete movies have been taken for different confiqurations at all

anales of attack up to o = 18° and are available for reviewina at the Fliaht
Dynamics Laboratory.
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SECTION VI
CONCLUSION

An experimental investigation was performed on a close-coupled canard-
wina mocdel usina two different wind tunnels and two diaogrcotic svstems. The

conclusions are:

a. In ageneral, the data repeatabilitv shows some small dearee of inac-
curacv, due to the unstable (time dependent) nature of vorticel flows.
Usually the LDV repeatabilitv is better than the hot wire aremometrv is,
because ¢f *the non intrusive technique, but for some cenfiaurations, the hot
wire repeatability i< aquite gand. The comparison of data taker with the hot
wire and the LDV system shows ar aareement in the general frends and
distributions. The maanituaes usually differ and onlv at tinec are thev in
aareemert. Also, a lot of scatter and discrepancies are noticed in the
Revnalds strecs measurenents taken with the twe svstems, which make them

urreliable,

b. There is in aeneral! aoreement hetween the het wire and LDV data of
the TGF tunnel and the DV data of the VWT. This siagnifies that the size of

the tunnel and of the mode) have a nealicible effect eorn the dats.

c. For the Mach number range tested, the Mach number effect is in
general small except at some discrete stations on the wina and when ne canard
is used. In this case, the increase in Mach number reduces somewhat the
values of the mean velocities, intensities, and stresses. Another Mach number

effect is te increase the vortex size with increasinag Mach numbers.
d. Spanwise blowina usually produces a small favorahle effect,

e. The vortex interaction remains unchanaed with anale of attack. The
only influence of increasina the angle of attack consists of increasinag the
mean and fluctuatina properties of the vortical flow field.

f. At all anales of attack, the presence of the hiat. (off-set) canard

creates a favoreble interaction between the leadinc edae vortices by

19
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increasing the vortex core and its strenath over the wing plane and is more
effective than the mid (coplanar) canard in improving the wina's vortex flow.

a. The use of the mid (coplanar) canard increases the 1ift coefficient
of all the confiqurations tested, but the 1ift/draq ratio increase is small
when compared with confiqurations without canard. The hiagh (off-set) canard
instead produces a marked improvement on the lift/drag ratic at all the anales
of attack tested.
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FIG. 8 MODEL AND HOT WIRE PROBE
INSTALLATION-TGF
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APPENDIX A

The fiqures Al to Al9 show repeated runs for different conficurations At
different stations, measured with the H.W. and the LDV.
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APPENDIX B

The figures Bl to B70 compare data obtained with the H.w.oand the LDVo
for different configurations at different stations, for ~ = 16° and » = 20°.
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APPENDIX C
The figures C1 to C22 compare data obtained in the VWT with the high

canard to data with the mid canard for different configurations at different
stations.
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APPENDIX D

The fiqures D1 to D27 compare data obtained in the TGF tunnel with the
mid canard and without canard for different configurations at different
stations.
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